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Abstract: A comparison between different carbon-based gas-diffusion air-breathing cathodes for
microbial fuel cells (MFCs) is presented in this work. A micro-porous layer (MPL) based on carbon
black (CB) and an activated carbon (AC) layer were used as catalysts and applied on different
supporting materials, including carbon cloth (CC), carbon felt (CF), and stainless steel (SS) forming
cathode electrodes for MFCs treating urine. Rotating ring disk electrode (RRDE) analyses were done
on CB and AC to: (i) understand the kinetics of the carbonaceous catalysts; (ii) evaluate the hydrogen
peroxide production; and (iii) estimate the electron transfer. CB and AC were then used to fabricate
electrodes. Half-cell electrochemical analysis, as well as MFCs continuous power performance, have
been monitored. Generally, the current generated was higher from the MFCs with AC electrodes
compared to the MPL electrodes, showing an increase between 34% and 61% in power with the AC
layer comparing to the MPL. When the MPL was used, the supporting material showed a slight
effect in the power performance, being that the CF is more powerful than the CC and the SS. These
differences also agree with the electrochemical analysis performed. However, the different supporting
materials showed a bigger effect in the power density when the AC layer was used, being the SS the
most efficient, with a power generation of 65.6 mW·m−2, followed by the CC (54 mW·m−2) and the
CF (44 mW·m−2).
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1. Introduction

Microbial fuel cells (MFCs) are an emerging technology, which offers a solution for two of the
major challenges faced nowadays: energy production and wastewater management. Among the
several organic wastes investigated [1], urine is an interesting organic liquid waste due to: (i) a
high daily production (2 L·day−1·person−1); (ii) high quantity of Chemical Oxygen Demand (COD);
(iii) high concentration of nutrients (N and P); and (iv) high solution conductivity.

Urine can be treated in the MFCs whilst generating electricity for low power devices, such as
light emitting diode (LED) lights or sensors [2], or to be harvested in capacitors and released to power
off-the-shelf electronics, such as mobile phones or robots [3–5]. Recent field trials, where a stack of
MFCs was directly connected to a urinal, demonstrated the capability of such device to light a room,
showing the fast development of this technology [6]. However, several factors need to be addressed in
order to improve the MFCs power output and efficiency [7,8], including the materials costs (electrodes
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and separators) and the optimization of the bio-electrochemical reactions [9–12]. MFCs generally
consist of an anodic and a cathodic chamber separated by an ionic exchange membrane. The cation
exchange membrane is generally used to avoid deterioration of the cathode electrode as a consequence
of a biofilm formation and precipitation of calcium and sodium carbonate [13,14]. To minimize the
internal resistance in air cathode MFCs, a membrane cathode assembly can be prepared by pressing
the separator on the air cathode [15–17] or bringing both the membrane and the cathode into contact
with hydrogel to improve membrane hydration [18,19].

In the anode, the bio-electrochemical reactions are highly dependent on the biofilm formed by
the bacterial colonization on the anodic electrode. The biofilm acts as a catalyst for the metabolism of
unrefined substrates (organic matter), during which electrons, protons, and other organic compounds
are released. An understanding of the anodic reaction mechanism, together with an improvement
of the electron transfer and the biofilm growth needs to be addressed to achieve an increased power
density [20–24].

In the cathode, the oxygen reduction reaction (ORR) has been reported as the limiting factor for
power production at neutral pH due to the high overpotentials and slow reaction rate [25]. Therefore,
the ORR mechanism has been thoroughly investigated being complicated and not fully understood [26,27].
The electrode material is one of the major factors affecting the reaction mechanism, together with the
electrolyte circumneutral pH [28,29]. Considering that the pH of human fresh urine varies from 5–6,
and that is rapidly increased due to the hydrolysis of urea [30], reaching 9 after two hours and 9.5 after
24 h, the anolyte in MFCs treating urine is generally neutral to alkaline. In the presence of an alkaline
aqueous electrolyte, the reaction mechanism reduces oxygen to hydroxyl ions following a pathway
which involves a number of electrons between 2 and 4 e− depending on the catalyst used:

O2 + 2H2O + 4e− → 4OH− 0.401 V vs. SHE (1)
O2 + H2O + 2e− → HO2

− + OH− −0.065 V vs. SHE (2)
HO2

− + H2O + 2e− → 3OH− 0.867 V vs. SHE (3)
2HO2

− → 2OH− + O2 (4)

A good catalyst reduces the oxygen following a 4 e− pathway and producing hydroxyl ions,
either through a one-step reaction (Equation (1)) or a two-step reaction (Equations (2) and (3)). Other
catalysts reduce oxygen to hydrogen peroxide (Equation (2)), which then chemically decomposes
(Equation (4)) leading to a two e− process [31]. Although it is known that Pt and Pt-alloys can catalyze
the direct ORR (four e−), they also increase the total cost of the MFCs and suffer from fast poisoning
from sulfide present in wastewater [32,33]. As a consequence, the investigation on alternative Pt-free
catalysts has been thorough [34,35]. The use of noble metals-free catalysts such as phthalocyanine
(FePc), pyrolyzediron (II), and cobalt tetramethoxy-phenyl-porphyrin (CoTMPP) has been proposed as
platinum-free cathode electrodes for MFCs [36–38]. Another alternative is the use of inorganic based
catalysts, such as iron, cobalt, nickel, or manganese [39]. However, the most common materials used
for cathode electrodes in MFCs are carbon-based which, besides following the peroxide pathway, offers
a high conductivity, high durability, high mechanical strength, and high surface area at an affordable
cost [40–42]. A cathode electrode usually consists of the catalyst layer and the supporting material,
which generally acts as the diffusion layer, as well as the current collector. The oxygen supply to the
catalyst can be improved by optimizing the diffusion layer and its thickness, which will affect the
overall MFC power performance [43]. Carbon-based materials, such as carbon mesh, carbon cloth,
and carbon veil have been tested as supporting materials for cathode electrodes using a mixture of
carbon black (CB), polytetrafluorethylene (PTFE), and a surfactant forming a microporous layer (MPL)
as the only catalyst [44,45]. However, the optimization of the cathode electrode to improve the MFC
performance while maintaining an affordable cost is still under investigation. This study shows the
electrochemical and MFC performance of two layer (gas diffusion layer and catalyst layer) cathode
electrodes. The catalyst layers tested consisted of: (i) a microporous layer (MPL) and (ii) an activated
carbon layer (AC), supported on different carbon based supporting materials (gas diffusion layer and
current collector): cloth (CC), carbon felt (CF), and stainless steel (SS).
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2. Results and Discussion

2.1. RRDE Results

Rotating ring disk electrode (RRDE) analysis on CB and AC at pH 7.5 (Figure 1a) and at pH 9.5
(Figure 1b) are shown. From the polarization curve that compares AC with CB, it is clear that the AC
has a lower overpotential than CB, which implies better catalytic ability of the AC towards the ORR,
as it has been studied in detail for other carbon containing materials [46]. This is also evidenced by
the higher current densities of the AC in the mix regime region of the kinetic and transport-controlled
regime. From the limiting current region, the carbon black has a slightly higher current density in both
pH conditions (Figure 1), and this is expected due to the lower transport limitation that this material
faced, due to the reduced amount of smaller pores in agreement with the pore size distribution
showed in literature [47,48]. As for the case of the AC, nanometric pores contribute to a higher
transport limitation, as the oxygen needs to diffuse into smaller features in order to be reduced [49,50].
Additionally, it is important to point out the higher open circuit potential for both materials at the more
alkaline pH, which is an indicator of an electrolyte where carbon materials have a higher catalytic effect.
This is expected due to the higher concentration of hydroxyl species, which have been demonstrated
to be an important participant in the oxygen reduction reaction for other carbon-based materials [51].
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Figure 1. Polarization curve of activated carbon and carbon black, rotation speed of 1600 RPM with
pH 7.5 (A) and pH 9.5 (B) with an oxygen-saturated electrolyte.

In the RRDE setup, it is also possible to measure the amount of hydrogen peroxide produced
during the ORR, as this peroxide is further reduced to water in the platinum ring that the probe
possesses. This reduction current is measured and then used to estimate the amount of peroxide
that the carbon black and activated carbon produced during the electrocatalytic reduction of oxygen.
This is an important parameter, as the oxygen reduction to water or hydroxyls is a four e− transfer
process, whereas the reduction to hydrogen peroxide yields only two e−. The formula that correlates
the current measured at the disk and the current measured at the ring to estimate the amount of
transferred electrons during the reduction reactions is (Equation (5)):

n =

∣∣∣∣ 4× jD
jD − jR

∣∣∣∣ (5)

where jD is the reductive current density measured at the disk and jR is the current measured at the
ring, corrected by the collection efficiency for the used rotating ring disk electrode which, for our
experiments, was 0.37, measured from the redox process of iron ferrocyanide, as it has been mentioned
in our previous studies [52]. The number of electrons transferred by AC is always higher than CB at
both pH levels investigated indicating that AC has higher electrocatalytic activity towards the ORR
compared to CB (Figure 2). For the case of the experiments conducted at pH 7.5, there is a low measure
of number of transferred electrons at potentials above 0.35 V (vs. Ag/AgCl). This is explained from the
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fact that the open circuit potential for this material is ca. 0.35 V as it is seen in the linear voltammetry
from Figure 1. Therefore, above this potential, the methodology used for calculating the number of
electrons is not meaningful. This also explains the high hydrogen peroxide yield estimated for this
material at this pH for potentials above the open circuit potential, as it can be seen in Figure 2C and
described below.
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Figure 2. Estimated number of transferred electrons for the AC (activated carbon) and CB (carbon
black) from the RRDE (rotating ring disk electrode) measurements at pH 7.5 (A) and pH 9.5 (B). The
estimated peroxide yield for the AC and CB from the RRDE measurements at pH 7.5 (C) and pH 9.5 (D).

From the estimated number of transferred electrons, it is possible to then assess the amount of
hydrogen peroxide that was produced during the electrocatalytic reduction of oxygen by employing
Equation (6):

x =
4− n

2
× 100 (6)

where n is the number of transferred electrons estimated from the disk and collection efficiency
corrected ring current densities. From the results of the transferred electrons and the hydrogen
peroxide yield (Figure 2), it can be seen that AC and CB perform the reduction of oxygen by producing
hydrogen peroxide. In the case of the activated carbon, hydrogen peroxide is trapped inside of the
high porosity that it possesses, reducing the amount of measured peroxide for this sample. Results
indicated that the two e− pathway with peroxide production is preferential.

2.2. Electrode Characterization

Figure 3 shows the environmental scanning electron microscope (ESEM) pictures of the different
supporting materials used for the cathode electrodes: (A) CC, (B) CF, and (C) SS; the supporting
materials with the MPL layer: (D) CC + MPL, (E) CF + MPL, and (F) SS + MPL; and the front (G)
and cross-section (H) of the AC layer on the cathode electrodes. Figure 3A–C show the difference in
the material morphology and porosity of the different supporting materials. Figure 3D–F illustrate
the MPL covering the supporting materials, however, in (E) some gaps between the carbon fibers
can be appreciated, compared to (D) and (F). (H) and (G) show the AC layer, which shows a more
homogeneous structure and less porousity. The thickness of the AC layer can be measured from (H),
being approximately 1.8 mm.
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2.3. Electrode Resistivity

Figure 4 shows the electrical resistivity of the different supporting materials without a catalyst
layer, with the MPL layer and with the AC layer. Being that the conductivity is the reciprocal of the
resistivity, it is an important parameter that will affect the ohmic losses of the cathode and of the
overall MFC. The results show in all cases a significant difference in the conductivity of the material
with the following order: SS > CC > CF, underlining that the most conductive current collector was SS
and the least conductive was CF. The same trend was obtained for the electrode with the MPL layer
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and with the AC layer. However, the addition of AC increased the resistivity and, thus, decreased the
conductivity of the electrode material. In fact, AC possesses high surface area (890 m2·g−1) that is
beneficial for the ORR but negatively affects the material conductivity.
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2.4. Cathode Polarization Curve in “Pristine” Conditions

The catalysts materials have been then incorporated into cathodes and further investigated.
Figure 5 shows the linear sweep voltammetry of the different cathode electrodes. According to the
results, all the MPL electrodes showed the same overpotentials, which was expected since the same
catalyst was used. However, higher current was obtained from the CF + AC, followed by CC + AC,
and the SS + AC, respectively. The electrodes containing CB showed significantly lower current density
than those prepared with AC, which is in agreement with the results obtained from the RRDE. The
same order was followed by the electrodes prepared with MPL and the different supporting materials,
being CF + MPL was the electrode producing the highest current density, followed by the CC + MPL
and by the SS + MPL. These results suggest no straight correlation between material resistivity and
current produced. However, the resistance of each substratum material was also related with the
thickness of the material, which is a critical factor for the oxygen diffusion in the gas diffusion layer.
A thicker porous structure was obtained from the CF + MPL electrode than in the SS + MPL, probably
allowing a better oxygen circulation and breathing and, consequently, improving the ORR. Moreover, a
better three phase interface (TPI) could be maintained. In addition, the thickness of the CF supporting
material increases the available carbon active sites for the ORR, being the oxygen reduced not only
on the catalyst layer but also on the support material. This factor was more pronounced in the CF
since it offers a thicker layer (higher surface area) than the CC, and being both higher than the SS
which showed a poor catalysis towards ORR. That caused an increased current generation from the
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2.5. MFCs’ Power Performance

After single polarization curves were performed, the cathodes have been incorporated into the
running MFCs. Figure 6 illustrates a comparison of the maximum power achieved from the polarization
experiments performed on the MFCs for the duration of the experiment. In the figure, the effect of the
different substratum materials on the power performance can be compared, as well as the comparison
of the MPL layer (straight line) and the AC layer (dotted lines). The first polarization showed maximum
power production of 27± 2, 23± 2, and 24± 5 µW, for MFCs 1–3 (CF + MPL), 4–6 (CC + MPL), and 7–9
(SS + MPL), respectively. This is in agreement with the linear sweep voltammetry (LSV) data, which
showed that the highest current was obtained using CF + MPL, compared with CC + MPL and SS +
MPL, respectively. The second polarization was carried out when the MFCs were using the different
substratum materials (CF, CC, and SS) and AC as the catalyst. The polarization curves showed an
increase of the maximum power generated by the MFCs due to the addition of the AC layer, reaching
average values of 41 ± 5, 49 ± 11, and 62 ± 7 µW, for MFCs 1–3 (CF + AC), 4–6 (CC + AC), and 7–9
(SS + AC) containing cathodes with CF, CC and SS, substratum materials, respectively. However, the
maximum power obtained from MFCs 7–9 (SS + AC) in the second polarization experiment was more
than 50% higher than that obtained in the first polarization, when SS + MPL was used. The comparison
of the substratum materials for the second polarization is shown in Figure 6D, where the cathode
electrodes contained an AC layer. In this case, the cathode electrodes with the current collector having
the highest conductivity (SS) contributed to a higher power production, followed by carbon cloth (CC)
and carbon felt (CF). The same order, from more conductive to less conductive is followed in terms of
power produced.Catalysts 2016, 6, 127  8 of 14 
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Figure 6. Comparison of the polarization curves of the MFCs (microbial fuel cells) with CB (straight
line) and AC (dotted line) on the different substratum materials: (A) black CC; (B) green CF; and
(C) red SS; and comparison of the MFCs’ performance using AC on different substratum materials (D).

3. Materials and Methods

3.1. Electrode Preparation and Characterization

A total of six different cathode electrode types were prepared, consisting of two different catalyst
layers: a microporous layer based on carbon black (MPL) and an activated carbon (AC) layer, spread
on three different supporting materials: CC (Fuel Cell Earth, MA, USA), SS mesh (McMaster-Carr,
Robbinsville, NJ, USA), and CF (Alfa Aesar, Haverhill, MA, USA, 3.18 mm thick, 99% purity).
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The MPL was prepared as previously described, mixing carbon black (CB, acetylene 50% compressed,
Alfa Aesar, Haverhill, MA, USA), polytetrafluoroethylene (PTFE) as the binding agent (60% emulsion,
Sigma-Aldrich, St. Louis, MO, USA) and a surfactant (Triton X100, Sigma-Aldrich, St. Louis, MO,
USA) [53]. After heating treatment, CB was ≈83 wt % and PTFE was ≈17 wt % while the surfactant
was fully decomposed. The AC catalyst layer was prepared by mixing commercial activated carbon
(NORIT SX Ultra, Sigma-Aldrich, St. Louis, MO, USA) and PTFE (Sigma-Aldrich, St. Louis, MO, USA)
with final weight percentages of 80% and 20%, respectively. The mixture was then inserted in a pellet
die and pressed at 2 mT for 5 min on the different materials [54,55]. Brunauer-Emmett-Teller (BET)
surface area was measured for both CB and AC. CB had a BET surface area of 72 m2·g−1 and AC
had a surface area of 890 m2·g−1. Pore size distributions of the carbonaceous materials have been
presented previously in the literature [47–50]. The cathode electrodes were cut in a circular shape with
a diameter of 3.5 cm and a geometrical surface area of 9.6 cm2. A Philips XL30 environmental scanning
electron microscope (ESEM, Philips, Eindhoven, The Netherlands) was used to obtain the images of the
substratum materials and the electrodes. To increase the accuracy of the images in the microscope, the
samples were gold coated using physical vapor deposition at 10 mA for 5 min using an Emscope SC500
sputter-coating unit (Quorum Technologies, Hertfordshire, UK).The anode electrode was prepared
by cutting a plain carbon fiber veil sheet (30 g·m−2) with a surface area of 68 cm2 (PRF Composite
Materials Poole, Dorset, UK), which was then folded five times and wrapped with a stainless steel
wire (0.5 mm, Scientific Wire Company, Great Dunmow, UK), which was also serving as the current
collector. The same procedure was followed to prepare and assemble all of the MFCs.

3.2. Electrical Resistivity

The electrical resistance was measured for each substratum material and cathode electrode using
the four-wire resistance technique. A geometric surface of 2.25 cm2 (1.5 × 1.5 cm2) of each substratum
material and each cathode electrode was cut. Constant current (300 mA) was applied to the material
using a PSM-3004 (GW INSTEK, Tucheng, Taiwan) power supply. The voltage drop was then measured
using a digital multimeter M-3850D (METEX, Seoul, Korea). The resistivity of the material (ρ), based
on this resistance measurement, was then calculated, using Equation (7), considering the dimensions
of each piece of material [56]:

ρ =
L×R

A
(7)

where ρ is the electrical resistivity of the material, L is the length of the material (usually expressed
in m), A the cross-sectional area of the specimen (usually expressed in m2), and R is the electrical
resistance of the material (usually expressed in Ω).

3.3. Rotating Ring Disk Electrode (RRDE) Analysis on Carbon Black and Activated Carbon Catalysts

Rotating ring disk electrode (RRDE) measurements were performed on CB and AC inks, prepared
using the carbonaceous catalyst utilized during the MFC experiments. The inks were made by
suspending 5 mg of the carbonaceous material, in a solution containing 0.075% of 1100 EW Nafion
(FuelCellStore). This suspension was thoroughly dispersed by using a sonicator working at 3 W for
30 s. This sonication process was repeated 3 times. A loading of 100 µg·cm−2 was applied on the RRDE.
Two different pHs (7.5 and 9.5) were investigated, simulating the urine environment. The solution
with pH 7.5 was based on 0.1 mol·L−1 potassium phosphate solution (K-PB) and 0.1 mol·L−1 of KCl as
the background electrolyte. The solution with pH 9.5 was based on 0.1 mol·L−1 calcium carbonate
buffer (Ca-CB) and 0.1 mol·L−1 of KCl. In both cases, the solutions were saturated with oxygen.

3.4. Linear Sweep Voltammetry on Cathode Electrode

Linear sweep voltammetry (LSV) was performed in a three-electrode electrochemical cell,
assembled as illustrated in Figure 7. A stainless steel mesh (33 cm2) was used as the counter electrode
in the half-cell. The cathode electrodes of 1.76 cm2 to be tested were used as working electrodes.
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An Ag/AgCl reference electrode (3 mol·L−1 KCl) was introduced in a tube leading to a Luggin-Haber
capillary which faced the working electrode. Luggin-Haber capillary was used to reduce the ohmic
resistance of the liquid electrolyte. A voltage range from 0.2 V to −0.6 V vs. Ag/AgCl was scanned at
0.3 mV·s−1. A fresh abiotic phosphate buffer saline (PBS) solution of 0.1 mol·L−1 was used for each
LSV (pH = 7.0) [55].
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Figure 7. Sketch of the three electrode electrochemical setup for LSV (linear sweep voltammetry)
measurement.

3.5. MFC Design and Operation

Figure 8 shows the MFCs design, which structure was 3D printed in nano-cure material, using a
photo-stereolithography technique (EnvisionTec, Dearborn, MI, USA). The anodic chamber, with an
internal volume of 6.25 cm3, contained an inlet and outlet orifices (4 mm diameter) in the bottom and
top, respectively, for continuous flow operation. A cationic exchange membrane (CMI-7000, Membrane
International, Ringwood, NJ, USA) of 3.5 cm diameter, was used to separate the anode and the cathode
chambers. The air cathodes were sandwiched between the membrane and a stainless steel woven
mesh (0.6 mm, Scientific Wire Company, Essex, UK), which was used as the current collector. Silicon
gaskets were introduced in both sides of the membrane to avoid leakages. An acrylic circular lid of
5.1 cm diameter was screwed to the anode chamber closing the MFC and avoiding excessive drying
out of the membrane, but allowing oxygen to diffuse through 1 mm holes.
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Figure 8. (A) 3D Computer-Aided Design (CAD) MFCs design; and (B) a picture of the MFCs
under operation.
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3.6. Testing of Different Cathode Electrodes

A total of nine MFCs were assembled with similar electrodes and under the same conditions as
previously reported [2,45]. Once the MFCs reached a stable and comparable output, the cathode was
then changed with the materials of interest. After seven days of continuous experiments, the cathodes
were then replaced in the following way: MFCs 1–3 CF + AC, MFCs 4–6 CC + AC, MFCs 7–9 SS + AC.
The cathode electrodes could be easily replaced by opening the acrylic lid and changing the electrode
without disturbing the anodic compartment.

3.7. MFC Monitoring

An ADC-24 Channel Data Logger (Pico Technology Ltd., Cambridgeshire, UK) was connected to
a computer for real-time the voltage (V) monitoring of each MFC. The recorded data were processed
using GraphPad Prism version 5.04 software package (GraphPad, San Diego, CA, USA, 2010).

3.8. Inoculation and Polarization

The inoculation process was carried out in batch mode using a mixture of 50:50 fresh urine
and activated sludge. The urine was donated by random individuals with a normal diet and no
medical conditions. The activated sewage sludge supplied from Wessex Water Scientific Laboratory
(Saltford, UK). The MFCs were fed with the sludge/urine mix once per day for three consecutive days.
The first day, the MFCs remained at open circuit for two hours and then a 2 kΩ external resistance was
connected to each MFC. After the third day, a continuous mode feeding with only fresh urine was setup
at a flow rate of 9.52 mL·h−1 (hydraulic retention time—HRT = 37 min). A 16-channel peristaltic pump
(205 U, Watson Marlow, Falmouth, UK) was used to continuously pump the anolyte. All experiments
were performed at room temperature 22 ± 2 ◦C. Polarization experiments were performed to find
out the maximum power achievable by the MFCs. The system remained open circuit until it reached
steady state (approximately one hour) before the polarization started. A DR07 decade variable resistor
box (ELC, Annecy, France) was used to apply external resistances from 30 KΩ to 3 Ω, changed every
3 min. The current and power generated by the MFCs were calculated using Ohm’s law (I = V/R) and
P = V × I with a known external resistance value.

4. Conclusions

Carbon-based electrode materials have been tested as cathodes for MFCs treating urine.
The electrodes consisted of a microporous layer (MPL) based on carbon black (CB) and an activated
carbon (AC) layer applied on different supporting materials, including carbon cloth (CC), carbon felt,
(CF) and stainless steel (SS). Electrochemical analysis, including RRDE and LSV, showed that the AC
has an increased catalytic ORR activity, leading to an enhanced MFC power output compared with the
CB-based catalyst layer. The number of electrons released during the reduction process suggested a
hydrogen peroxide pathway involving two electrons for the CB and AC, at pH 7.5 and 9.5. The MFC’s
performance with the different electrode materials could also be evaluated suggesting that activated
carbon (AC) on stainless steel (SS) was the most effective cathode electrode for the MFCs, followed by
AC on CC.
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